INTRODUCTION
Microfluidics entails manipulation of fluids on the micro-scale, ususally for engineering or biomedical purposes. Microfluidic devices are produced in various ways. Traditional methods involve photolithography for mold production [1] . This procedure requires a clean room and expensive equipment. It is also a timeconsuming method.
Usage of thermoplastic materials abrogates the need for a clean room and expensive equipment, and drastically reduces fabrication time [2] . When channel designs are printed on thermoplastic sheets and then exposed to high temperatures, the sheets shrink isotropically (in the x-y plane) and increase in height along with the printer toner (in the z-direction). The height of the toner is on the order of tens of microns, a height favorable for use as a mold for microfluidic designs. These characteristics have a positive impact on the development of microfluidics in two ways: resourcelimited laboratories can easily produce microfluidic chips and the time from idea to chip is reduced to a matter of a couple hours.
Here we present the results of the "Do-it-yourself Microfluidics Workshop" held at the Faculty of Mechanical Engineering University of Belgrade (FME UB) on September 20th 2017. Twenty-seven participants from seven scientific institutions from Serbia and one from Montenegro took part.
MICROCHANNEL DESIGN PROCEDURE
The protocol described here is a variation of that presented by Hemling et al. [3] . The geometry of 2D microchannels are designed using Microsoft Powerpoint (PPT). The microchannel shapes can vary in their complexity (Fig. 1) . Some microfluidic templates prepared for the workshop are presented in Fig. 1 . The polystyrene thermoplastic sheets used for the workshop are called Shrinky Dinks (SD), a children's toy, which, when heated, shrinks to small hard plates preserving the shape of the drawn object. Workshop participants prepared their own microchannel templates. First, sketches were made by hand, and afterwards in PPT. They were instructed to prepare three designs in duplicate as indicated in Fig. 1 . Paper format A4 is recommended for the SD sheets. Sketches should be positioned in the center of each field, so they are not damaged during cutting. The quality of the designs printed on the SD sheets depends highly upon printer resolution. Design templates were printed twice in case accidents with the printer were encountered (Fig. 1) .
Figure 1. ShrinkyDink microfluidic templates prepared for workshop
It is suggested to print the templates first on paper, instead of the SD sheets, in order to get a sense of how the design will look on the SD sheets and to assess printer quality. The designs should be evenly printed without any scratches. The templates containing the microfluidic designs are printed on the SD sheets by LaserJet printer. We used an HP LaserJet 1010 for the workshop. The SD sheets were manufactured by Grafix (version: Clear, Catalog No.: KSF50-C).
The sheets are then heated uniformly, in order to induce shrinking. In paper [2] , shrinkage occurs after three to five minutes in an oven heated to 163°C. The authors report that unwanted deformations could be minimzed by positioning the sheet on a glass plate. In order to achieve uniform heating of the SD sheet, we used hot oil. A beaker of hot oil was positioned on a hotplate where the temperature is controlled and adjusted to 150 °C. The SD sheets are carefully positioned in the bowl with the heated oil. Tweezers could be used for this operation, but caution is needed to perform this task without damaging the printed designs.
The SD sheet is positioned so that the printed side is facing upward, otherwise the printed design can smear when exposed to high temperatures. Isotropic shrinkage is almost instantaneous. Length and width of the SD sheet is decreased by about 60%, while its thickness is increased approximately seven times. For this workshop, sheets of 0.25 mm thickness were used. While it is still in the hot oil, the SD sheet is positioned in the center of the glass plate by use of tweezers. The sheet is removed so that the ink trace is not in the contact with the glass plate. Another glass plate is positioned on top of the shrunken SD sheet, in order to eliminate possible deformations in the process of sheet solidification upon cooling. After one minute, the sheet is cooled and solid. The whole procedure for a rapid and non-photolitographic approach to microfluidic pattern generation is presented in Fig. 3 .
The advantage of using oil, instead of the oven for heating the SD sheet, is to minimize deformations and provide a uniform, compact heating area. The oil should be carefully removed from the mold afterwards, by washing with water and soap, and subsequently rinsed and dried. The SD sheet can now be thought of as a mold with positive relief features.
The mold is placed in a metal baking dish and is covered with polydimethyl siloxane (PDMS), which is prepared in a few steps. In a plastic cup, sylgard base is combined with crosslinker in a proportion of ten to one. The contents should be carefully mixed using a tongue depressor. The container is then positioned in a desiccator, where the vacuum removes all the air bubbles from the PDMS that appeared during mixing. Bubble removal lasts for about thirty minutes.
Once the PDMS is ready, it can be poured on top of the mold so that it is several millimeters thick. The baking dish with the mold and PDMS is positioned, afterwards, in an oven pre-heated to 100 °C. Baking lasts for about thirty minutes, and results in complete PDMS curing. The cured PDMS now contains a negative relief of the microfluidic design, which was transferred to it from the postive relief mold. A scalpel is used for carefully separating the PDMS from the mold. The thick black lines around the designs in Fig. 1 serve as guides for cutting the PDMS from the mold. An added advantage of the protocol presented here is that the PDMS does not stick to the mold, which is not the case for silicon molds created through photolithography.
A biopsy punch is used for making inlets and outlets on the PDMS microchannel (Fig. 4) . Openings must be clean without any debris. The resulting PDMS microfluidic chip is then attached to a flat glass plate using double sided tape, such that the microchannel side is facing downwards. Microchannel heights can be modified by printing the same design multiple times on the same SD sheet. However, positioning is very important in this case. The greater the height of the printer toner on the SD sheets, the greater the height of the resulting PDMS microchannels. Heights of 80 μm are possible, which is sufficient for studying bioflows or fluid flow with living cells.
In fact, the height of the channel is approximately 40 μm, though it is highly dependent upon the printer used. If the same sheet is printed upon multiple times, the height can be increased up to approximately 100 μm [2] .
Various microchannel molds, manufactured by the participants, in the "Do-it-yourself Microfluidics Workshop", FME UB, are presented in Fig. 5 .
Figure 5. Representative individual microchannel molds in a baking dish, taken from the "Do-it-yourself Microfluidics Workshop", FME UB
The presented procedure could be used also for designing multi-layer microfluidic chips. The procedure is repeated for creation of PDMS parts that can be carefully positioned one above the other and afterwards connected together with vertical channels by use of a biopsy punch. The procedure presented in [4] could be used for more complex geometries.
Without any oxygen plasma treatment, the RMS roughness of PDMS measures 3.6 nm [5] . 
FLOW VISUALIZATION
When the PDMS chip is manufactured, together with inlet and outlet openings and fixed to a glass plate by tape, it is ready to be used. Food dye mixed with distilled water is used for flow visualization, while a syringe pump is used to control the flow rate. This setup is presented in Fig. 6 .
A silicon hose with a 200 μL serrated pipette tip is positioned on the inlet created by the biopsy punch. The silicon hose is attached to the syringe pump. Arrows denote flow direction. Fluid flow is easily observed due to the transparency of PDMS.
MICRO PARTICLE IMAGE VELOCIMETRY
Velocity measurements can be performed on these microfluidic chips by applying micro particle image velocimetry (PIV) [6] . Micro PIV is a nonintrusive fluid flow measurement technique based on image analysis of light illumination of the seeded flow. Flow is seeded with 1 μm orange or red fluorescing polystyrene or polymer microspeheres. The microspheres can be used also for flow visualization, but they are much more expensive than food dye. Two subsequent images are correlated and velocity field is derived. The greater the number of image pairs, the better the assessment of the velocity field. The micro PIV arrangement with PDMS chip is presented in Fig. 7 . In Fig. 7 depicts the micro PIV setup with inverted microscope (4) and epi-fluorescent attachments for micro PIV measurements using fluorescent micro-particles. The microscope is connected with a double-pulsed Nd:YAG (neodymium-doped yttrium aluminum garnet, Nd:Y3Al5O12) laser (7) by optical cable. Visualization could be also done with the help of an LED lamp (5) and cameras which could be attached to the microscope occulars. The microscope (4) has proper filters to control the light going into the sample and minimize potential hot spots of the laser light. It has objectives for 4x, 10x, 20x and 40x magnification.
The inverted microscope is equipped with an Fmount camera adaptor. A TSI PowerView Plus 2MP CCD (charge coupled device) camera is used for this application. It can provide 1600 x 1200 pixel resolution. It operates at 32 frames per second and provides 12-bit output. The seutp also includes a synchronizer with computer and adequate software for data acqusition and analysis (not pictured in Fig. 7) .
The PDMS chip is positioned on a movable stage mounted on the inverted microscope. However, because of the opacity of the double-sided tape used to fix the PDSM microchip to the glass slide, micro PIV measurements are not possible. To overcome this limitation, the PDMS chip is attached with double-sided adhesive tape only on the edges of the channel to the glass plate (Fig. 8) . While sealing is a problem in this situation, improvements are in preparation.
Figure 8. Positioning the manufactured microchannel for micro PIV measurements
Fluid flow simulations for different microchannel geometries, which could be manufactured in this way, are presented in [6] .
In paper [7] is reported low cost approach for 2D measurement of velocity based on PIV. These results are comparable to laser Doppler velocimetry measurements. Further system developments and integration are planned. Applications for syringe pump movement control that can be used with this low cost PIV and PDMS chips are presented in [8] .
CONCLUSIONS
Although in this paper are presented only experimental results, it is of interest to mention that various analytical solutions are obtained for flows in microchannels. Analytical solutions for rarefied gas flow at low Reynolds number in microchannels are presented in [9] . These solutions agree well with the experimental results presented in [10] . Performed experiments didn't provide velocity distributions, what could be a task for the micro PIV, although a hard one. "It is conceivable to use gaseous fluids, such as air, but μPIV experiments using air have not been demonstrated successfully to date." [11] . Anyhow, a significant progress has been made in the last decade in application of micro PIV. It is widely used today in the study of the liquid and two-phase flows, but there are also breakthroughs in validation of slip-flow boundary condition in gas flows in microchannels.
Focus of this paper is an inexpensive, simple method for designing and creating microfluidic PDMS chips. Chips, fabricated using this method, can be designed, created and tested in a matter of hours, what is of great importance for a variety of experiments in microchannels.
Microfluidic devices of complex geometries can be fabricated using the method presented here, which includes various microchannel heights and circular microchannel cross-sections.
The application of hot oil for isotropically shrinking thermoplastic sheets, instead of using an oven, eliminates deformations which may occur in this stage of production.
The smallest dimension which could be generated with this procedure depends on the laser jet printer resolution.
In this paper are presented some of the results obtained at the workshop "Do-it-yourself Microfluidics Workshop" held at the FME UB. Flow visualization is demonstrated for one of the microchannel geometries. Food dye mixed with water is used for flow visualization.
Flow in these microchannels could be experimentally studied by use of micro PIV, which is the basis of future work in our lab.
